a2 United States Patent

Bae et al.

US009298093B2

US 9,298,093 B2
Mar. 29, 2016

(10) Patent No.:
(45) Date of Patent:

(54) POLYMERS, PHOTORESIST COMPOSITIONS
AND METHODS OF FORMING
PHOTOLITHOGRAPHIC PATTERNS

(75) Inventors: Young Cheol Bae, Weston, MA (US);
Matthew M. Meyer, Midland, MI (US);
Jibin Sun, Worcester, MA (US);
Seung-Hyun Lee, Marlborough, MA
(US); Jong Keun Park, Hudson, MA
(US)

(73) Assignees: Rohm and Haas Electronic Materials

LLC; Dow Global Technologies LL.C
(*) Notice: Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
U.S.C. 154(b) by O days.

(21)  Appl. No.: 13/341,939

(22) Filed: Dec. 31, 2011
(65) Prior Publication Data
US 2012/0288794 Al Nov. 15,2012

Related U.S. Application Data
(60) Provisional application No. 61/429,107, filed on Dec.

31, 2010.
(51) Int.CL
GO3F 7/00 (2006.01)
GO3F 7/20 (2006.01)
GO3F 7/039 (2006.01)
GO3F 7/32 (2006.01)
CO8F 220/28 (2006.01)
GO3F 7/004 (2006.01)
(52) US.CL
CPC ... GO3F 7/2041 (2013.01); COSF 220/28

(2013.01); GO3F 7/0392 (2013.01); GO3F
7/0397 (2013.01); GO3F 7/325 (2013.01);
GO3F 7/0045 (2013.01); GO3F 7/0046
(2013.01)

(58) Field of Classification Search
None
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

5,738,975 A 4/1998 Nakano et al.
6,790,579 Bl 9/2004 Goodall et al.
8,207,279 B2 6/2012 Choi et al.

2003/0045731 Al
2003/0054285 Al

3/2003 Nakashima et al.
3/2003 Leeetal.

2004/0248031 Al* 12/2004 Ansaietal. ... 430/270.1
2008/0187860 Al 8/2008 Tsubaki et al.
2008/0261150 Al* 10/2008 Tsubakietal. ... 430/270.1

2009/0176177 Al 7/2009 Han et al.

(Continued)

FOREIGN PATENT DOCUMENTS

EP 1447 403 Al 8/2004
Jp 09-050126 2/1997
(Continued)
OTHER PUBLICATIONS

European Search Report of corresponding European Application No.
1119 5238.

(Continued)

Primary Examiner — Cynthia H Kelly
Assistant Examiner — Alyssa L Cepluch

(57) ABSTRACT

Polymers containing a unit having a particular acetal moiety
and photoresist compositions containing such a polymer.
Substrates coated with the photoresist compositions and
methods of forming photolithographic patterns. The poly-
mers, photoresist compositions, methods and coated sub-
strates find particular applicability in the manufacture of
semiconductor devices.

7 Claims, 1 Drawing Sheet

114

113




US 9,298,093 B2
Page 2

(56) References Cited
U.S. PATENT DOCUMENTS

2010/0323305 Al* 12/2010 Tsubakietal. ... 430/325
2010/0330507 Al  12/2010 Tsubaki et al.
2011/0060112 Al* 3/2011 Nakayamaetal. ... 526/257

2012/0064456 Al 3/2012 Baeetal.

FOREIGN PATENT DOCUMENTS

JP 2008281975 A 11/2008

KR 2006066932 A 6/2006

WO WO 2009104722 Al * 8/2009

WO WO 2011/105626 Al 9/2011
OTHER PUBLICATIONS

J. Havard et al.; “Photoresists with Reduced Environmental Impact:
Water Soluble Resists Based on Photo-Cross-Linking of a

Sugar-Containing Polymethacrylate”; Macromolecules 1999,32, pp.
86-94.

L. Van Look et al.; “Printing the Metal and Contact Layers for the 32
and 22 nm Node: Comparing positive and negative Tone Develop-
ment Process”; Proc. Of SPIE, vol. 7640; 2010; pp. 764011-1-
764011-12.

V. Truffert et al.; “Ultimate contact hole resolution using immersion
lithography with line/space imaging”; Proc. of SPIE, vol. 7274,
2009; pp. 72740N-1-72740-12.

Chinese Search Report of corresponding Chinese Application No.
201110463318 X.

Zhengjun Gu, et al, “Photoresist and Micro-Process Technology”,
Shanghai Jiaotong University Press, Mar. 31, 1989, pp. 23-24.
Taiwan Search Report of corresponding Taiwan Application No.
100149504;. Completion date Aug. 29, 2013.

* cited by examiner



U.S. Patent

FIG. 1A

FIG. 1B

FIG. 1C

FIG. 1D

FIG. 1E

Mar. 29, 2016

US 9,298,093 B2

N\

3:}74}:}: /A:E:V/A:f:

o

104

102

100

A 7

108b

>
7 02 7 7

106

104

102

100

106" ~
104’ /]

108b

102"




US 9,298,093 B2

1

POLYMERS, PHOTORESIST COMPOSITIONS
AND METHODS OF FORMING
PHOTOLITHOGRAPHIC PATTERNS

This application claims the benefit of priority under 35
U.S.C. §119(e) of U.S. Provisional Application No. 61/429,
107, filed Dec. 31, 2010, the entire contents of which are
incorporated herein by reference.

FIELD

The invention relates generally to the manufacture of elec-
tronic devices. More specifically, this invention relates to
polymers, photoresist compositions, coated substrates and to
photolithographic methods which allow for the formation of
fine patterns using a negative tone development process.

BACKGROUND

In the semiconductor manufacturing industry, photoresist
materials are used for transferring an image to one or more
underlying layers, such as metal, semiconductor and dielec-
tric layers, disposed on a semiconductor substrate, as well as
to the substrate itself. To increase the integration density of
semiconductor devices and allow for the formation of struc-
tures having dimensions in the nanometer range, photoresists
and photolithography processing tools having high-resolu-
tion capabilities have been and continue to be developed.

One approach to achieving nm-scale feature sizes in semi-
conductor devices is the use of short wavelengths of light, for
example, 193 nm or less, during exposure of chemically
amplified photoresists. Immersion lithography effectively
increases the numerical aperture of the lens of the imaging
device, for example, a scanner having a KrF or ArF light
source. This is accomplished by use of a relatively high
refractive index fluid (i.e., an immersion fluid) between the
last surface of the imaging device and the upper surface of the
semiconductor wafer. The immersion fluid allows a greater
amount of light to be focused into the resist layer than would
occur with an air or inert gas medium.

The theoretical resolution limit as defined by the Rayleigh
equation is shown below:

A
R=k —
NA

where k, is the process factor, A is the wavelength of the
imaging tool and NA is the numerical aperture of the imaging
lens. When using water as the immersion fluid, the maximum
numerical aperture can be increased, for example, from 1.2 to
1.35. For a k; of 0.25 in the case of printing line and space
patterns, 193 nm immersion scanners would only be capable
of resolving 36 nm half-pitch line and space patterns. The
resolution for printing contact holes or arbitrary 2D patterns
is further limited due to the low aerial image contrast with a
dark field mask wherein the theoretical limit for k; is 0.35.
The smallest half-pitch of contact holes is thus limited to
about 50 nm. The standard immersion lithography process is
generally not suitable for manufacture of devices requiring
greater resolution.

Considerable effort has been made to extend the practical
resolution capabilities of positive tone development in
immersion lithography from both a materials and processing
standpoint. One such example involves negative tone devel-
opment (NTD) of a traditionally positive-type chemically
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amplified photoresist. NTD is an image reversal technique
allowing foruse of the superior imaging quality obtained with
bright field masks for printing the critical dark field layers.
NTD resists typically employ a resin having acid-labile (or
acid-cleavable) groups and a photoacid generator. Exposure
to actinic radiation causes the photoacid generator to form an
acid which, during post-exposure baking, causes cleavage of
the acid-labile groups, giving rise to a polarity switch in the
exposed regions. As a result, a difference in solubility char-
acteristics is created between exposed and unexposed regions
of the resist such that unexposed regions of the resist can be
removed by particular developers, typically organic develop-
ers such as ketones, esters or ethers, leaving behind a pattern
created by the insoluble exposed regions. Such a process is
described, for example, in U.S. Pat. No. 6,790,579, to Good-
all et al. That document discloses a photoresist composition
comprising an acid-generating initiator and a polycyclic
polymer containing recurring acid labile pendant groups
along the polymer backbone. The exposed areas can be selec-
tively removed with an alkaline developer or, alternatively,
the unexposed regions can be selectively removed by treat-
ment with a suitable nonpolar solvent for negative tone devel-
opment.

Certain problems can result when applying conventional
193 nm photoresists to the NTD process. The developed
photoresist pattern can, for example, demonstrate significant
thickness loss as compared with the pre-exposed resist layer.
This can give rise to pattern defects resulting from complete
erosion of portions of the resist pattern during subsequent
etching. Thickness loss is believed to be caused by cleavage
and loss of commonly employed bulky acid labile groups
such as large tertiary alkyl ester groups from the resist layer.
Thickness loss for conventional 193 nm photoresists which
rely solely on such bulky acid labile groups for polarity
switching can be particularly problematic due to the high
content of such groups. The use of a thicker resist layer may
not be a practical solution as other issues such as reduction in
the depth of focus and pattern collapse can then result. The
occurrence of pattern collapse when using typical 193 nm
photoresists for NTD is believed to be exacerbated by the
relatively high content of (meth)acrylic acid units generated
in exposed regions of the photoresist following cleavage of
certain acid-labile groups from (meth)acrylate-based poly-
mers especially where such groups are solely responsible for
the polarity switch. The (meth)acrylic acid units contribute to
poor adhesion on organic and Si-based inorganic substrates
due to the polarity mismatch between resist patterns and
substrates. Another problem associated with the use in NTD
of'such conventional photoresists relying solely on the afore-
mentioned bulky acid labile groups for polarity switching is
etch resistance reduction.

There is a continuing need in the art for improved poly-
mers, photoresist compositions and photolithographic meth-
ods for negative tone development which allow for the for-
mation of fine patterns in electronic device fabrication and
which avoid or conspicuously ameliorate one or more of the
foregoing problems associated with the state of the art.

SUMMARY

The photoresist compositions of the invention include a
polymer formed in part from a monomer which includes a
particular acetal moiety. Preferred compositions and methods
of the invention can result in reduced thickness loss and
improvement in pattern collapse margin, resolution and
photospeed in photolithographic processing.
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In accordance with the invention, polymers are provided.
The polymers comprise: a first unit formed from a monomer
of the following general formula (I):

@

Ry
(|) @]
R, Ry
Ry R4
Ry R4
OXO
Rs Rs

wherein: R, represents hydrogen ora C, to C; alkyl group; R,
represents a single bond or a C, to C,, organic group; R,
represents a hydrogen atom or a C, to C,, organic group; R,
each independently represents a hydrogenatomoraC, toC,,
organic group, those bonded to a common carbon atom
together optionally forming a ring; and Rs each indepen-
dently represents a C, to C,, organic group, together option-
ally forming a ring; and a second unit comprising a lactone
moiety.

In accordance with a further aspect of the invention, pho-
toresist compositions are provided. The photoresist compo-
sitions comprise: a polymer comprising a first unit formed
from a monomer of the following general formula (I):

@

Ry
(|) @]
Ry Rs
Ry R4
Ry Ry
O><O
Rs Rs

wherein: R represents hydrogen ora C, to C; alkyl group; R,
represents a single bond or a C, to C,, organic group; R,
represents a hydrogen atom or a C, to C,, organic group; R,
each independently represents a hydrogen atomoraC, to C,,
organic group, those bonded to a common carbon atom
together optionally forming a ring; and R each indepen-
dently represents a C, to C,, organic group, together option-
ally forming a ring; and a photoacid generator.

Also provided are coated substrates. The coated substrates
comprise a substrate and a layer of a photoresist composition
of the invention as described herein over a surface of the
substrate.

Also provided are electronic devices formed by the meth-
ods described herein.

As used herein: “g” means grams; wt % means weight
percent; “L” means liter; “mL” means milliliter; “nm” means
nanometer; “mm” means millimeter; “min” means minute;
“h” means hour; “A” means Angstroms; “mol %” means mole
percent; “Mw” means weight average molecular weight; and
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“Mn” means number average molecular weight; the articles
“a” and “an” mean one or more.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be described with reference to
the following drawings, in which like reference numerals
denote like features, and in which:

FIG. 1A-E illustrates a process flow for forming a photo-
lithographic pattern in accordance with the invention.

DETAILED DESCRIPTION

Polymers

The polymers of the invention include a first unit formed
from a monomer that includes a moiety having a ring struc-
ture and an acetal group. The two oxygen atoms and second-
ary carbon atom (“acetal secondary carbon atom™) bonded to
the oxygen atoms, characteristic of the acetal group, form a
portion of the ring structure. Bonded to this acetal secondary
carbon atom is a structure which can take the form of two
groups pendant to the ring structure or which together with
the acetal secondary carbon atom can take the form of a ring
structure. The acetal secondary carbon atom together with the
pendant group(s) are acid labile, undergoing a photoacid-
promoted deprotection reaction on exposure to activating
radiation and heat treatment. The resulting cleavage of the
acetal secondary carbon atom and pendant group(s) is
believed to result in the formation of hydroxy groups with the
former acetal oxygen atoms. This causes the polymer to
become less soluble in an organic solvent used to develop the
resist layer allowing for the formation of a negative-type
image.

The polymer includes a first unit formed from a monomer
of the following general formula (I):

@

Ry
(|) @]
Ry R3
Ry Ry
Ry R4
(@] >< (0]
Rs Rs

In formula (I), R, represents hydrogen or a C, to C; alkyl
group, typically hydrogen or methyl. R, represents a single
bond ora C, to C,, organic group, for example, C, to C,, or
C, to C, alkylene, C, to C,, or C, to C, alkenylene, C; to Cg
alicyclic, aC, to C,, or C, to C, alkyl ester, ora C, to C,, or
C, to Cq alkyl ether. R represents hydrogen ora C, to C,,
organic group suchas C, to C,,or C, to Cs alkyl,C,to C,,or
C, to Cg4 alkenyl. Each R, independently represents a hydro-
gen atomor a C, to C, ; organic group, for example, C, to C,,
or C, to Cy alkyl, aldehyde, alkoxycarbonyl, benzyloxym-
ethyl, phenylsulfonyloxymethyl or tosyloxymethyl. Those
R, groups bonded to a common carbon atom together can
optionally form a ring. Each R independently represents a C,
to C,, organic group such as a C, to C,, or C, to C, alkyl or
acetyloxy group, and together optionally form a ring such as
a C; to Cg or C, to Cg cycloalkyl ring. It shall be understood
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for purposes of the description and claims that the various R -continued
groups as defined herein can optionally be substituted, mean-
ing that one or more hydrogen atom can be replaced by
another atom such as a halogen, for example, fluorine. The

content of the first unit in the polymer, while dependent onthe > 0
number and types of different units making up the polymer, is o
typically from 30 to 60 mol %.
(6]
(6]

O,

o>_/
/
o>_/

Without limitation, suitable monomers of formula (I) 0 0

include the following: 10 i H\ HO\
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-continued

>
X

Suitable monomers of formula (I) can be synthesized using
known techniques, for example, subjecting the corresponding
polyalcohol, in which two hydroxyl groups are joined
together in an acetal group, to esterification with acryloyl
chloride, methacryloyl chloride, ethacryloyl chloride or pro-
pacryloyl chloride. Synthesis of 2,2-dimethyl-1,3-dioxan-5-
yl methacrylate (IPDOMA), 2-(2,2-dimethyl-1,3-dioxan-5-
yDbutyl methacrylate IPTPMA) and 2-(1,5-dioxaspiro[5,5]
undecan-3-yl)butyl methacrylate (CHTPMA), for example,
is described below in the Examples. Additional suitable syn-
thesis techniques are described in U.S. Pat. No. 7,416,867B2
and involve subjecting the corresponding polyalcohol, in
which two hydroxyl groups are joined in an acetal group, to
esterification with (alkyl)acrylic acid or to transesterification
with an (alkyl)acrylic ester in the presence of an enzyme.
Techniques for forming acetal groups in a protection reaction
with the corresponding alcohol can be carried out, for
example, as described by Levene and Tipson, J. Biological
Chem, 1936 p 731, Orgmikum, VEB Deutscher Verlag der
Wissenschaften, 17th edition, Berlin 1988, p. 398 or Protec-

tive Groups in Organic Synthesis, Wuts and Greene, Wiley-
Interscience; 4” Edition, Oct. 30, 2006.

The polymer further includes a second unit formed from a
monomer comprising a lactone moiety. The second unit is
typically present in the polymer in an amount of from 20 to 60
mol %. Suitable such lactone moieties are known in the art
and include, for example, those of the following formulae:

e
%
o
X
g
?d
&
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-continued

Rl j/iRl Rl Rl Rl
0 0 0o 0 0 5 O
(0] Kﬁ
0 0 0
10
0
0

| v
LS p@ r

O,

Ry Ry Ry
(@) (0] (@) (@] (@) (0]
25

R Ry Ry 30 0
(6] (6] (6] (6] (6] (6]
O O wherein R, is as defined above as being chosen from hydro-
35 gen and C1 to C3 alkyl, preferably hydrogen or methyl.
3 3 3 Suitable monomers for the second unit are commercially

available and/or can be synthesized using known techniques.
Other suitable additional monomeric units for the polymer
include, for example, one or more of the following: mono-

40 meric units formed from a monomer comprising a moiety of
formula (I) which is different from the first unit; monomeric
units containing ethers, lactones or esters, such as 2-methyl-
acrylic acid tetrahydro-furan-3-yl ester, 2-methyl-acrylic

R Ry acid 2-oxo-tetrahydro-furan-3-yl ester, 2-methyl-acrylic acid
45 5-oxo-tetrahydro-furan-3-yl ester, 2-methyl-acrylic acid
3-0x0-4,10-dioxa-tricyclo[5.2.1.02,6]dec-8-yl ester, 2-me-
(6] (6] (6] (6]

thyl-acrylic acid 3-oxo0-4-oxa-tricyclo[5.2.1.02,6]dec-8-yl

ester, 2-methyl-acrylic acid 5-o0x0-4-oxa-tricyclo[4.2.1.03,7]

non-2-yloxycarbonylmethyl ester, acrylic acid 3-0x0-4-oxa-

50 tricyclo[5.2.1.02,6]dec-8-yl ester, 2-methyl-acrylic acid
5-0x0-4-oxa-tricyclo[4.2.1.03,7]non-2-yl ester, and 2-me-

thyl-acrylic acid tetrahydro-furan-3-yl ester; monomeric

units having polar groups such as alcohols and fluorinated

0 o] 0 0 alcohols, such as 2-methyl-acrylic acid 3-hydroxy-adaman-

R, jl{l 55 tan-1-yl ester, 2-methyl-acrylic acid 2-hydroxy-ethyl ester,
(6] (6]

CN CN

6-vinyl-naphthalen-2-ol, 2-methyl-acrylic acid 3,5-dihy-

droxy-adamantan-1-yl ester, 2-methyl-acrylic acid 6-(3,3,3-
trifluoro-2-hydroxy-2-trifluoromethyl-propyl)-bicyclo

[2.2.1]hept-2-y1, and 2-bicyclo[2.2.1]hept-5-en-2-ylmethyl-

¢ 0o 60 1,1,1,3,3,3-hexafluoro-propan-2-ol; monomeric units having

acid labile moieties, for example, ester groups that contain a

o 0 tertiary non-cyclic alkyl carbon such as t-butyl, or a tertiary

alicyclic carbon such as methyladamantyl or ethylfenchyl

O covalently linked to a carboxyloxygen of an ester of the

65 polymer, 2-methyl-acrylic acid 2-(1-ethoxy-ethoxy)-ethyl

Y Y ester, 2-methyl-acrylic acid 2-ethoxymethoxy-ethyl ester,

2-methyl-acrylic acid 2-methoxymethoxy-ethyl ester, 2-(1-
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ethoxy-ethoxy)-6-vinyl-naphthalene, 2-ethoxymethoxy-6-
vinyl-naphthalene, and 2-methoxymethoxy-6-vinyl-naph-
thalene. Suitable monomers for such additional units are
commercially available and/or can be synthesized using
known methods. Where the polymer is used in a photoresist in
a positive tone development method, the polymer typically
includes a unit formed from a monomer which is an acid-
labile alkyl or alkyloxy (meth)acrylate such as those
described above. The additional units are typically present in
the polymer in an amount of from 40 to 70 mol %.

For imaging at sub-200 nm wavelengths such as 193 nm,
the polymer is typically substantially free (e.g., less than 15
mol %) of phenyl, benzyl or other aromatic groups where
such groups are highly absorbing of the radiation. The poly-
mer can contain repeat units that contain a hetero atom, par-
ticularly oxygen and/or sulfur, for example, one or more
chosen from: heteroalicyclic units fused to the polymer back-
bone; fused carbon alicyclic units such as provided by poly-
merization of a norbornene group; and carbocyclic aryl units
substituted with one or more hetero-atom-containing (e.g.,
oxygen or sulfur) groups, for example, hydroxy naphthyl
groups.

Preferred polymers in accordance with the invention

include, for example, the following:
0) HO\ o 0 0 0
e ?<
O><O

(0) O

[}
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The weight average molecular weight M, , of the polymers
of the invention is typically less than 100,000, for example,
from 5000 to 50,000, more typically from 7000 to 30,000 or
from 10,000 to 25,000.

Suitable polymers in accordance with the invention can
readily be synthesized by persons skilled in the art using
known methods and commercially available starting materi-
als. The polymers can be synthesized, for example, by first
dissolving the polymerizable group-containing monomers in
a suitable organic solvent, for example, tetrahydrofuran,
dioxane, ethyl acetate, dimethyl formamide, propylene gly-
col methyl ether acetate (PGMEA), methylene chloride, chlo-
roform, acetone, methyl ethyl ketone or the like, and degas-
sing. A radical initiator can be dissolved in a suitable solvent
which is the same or different from that used for the monomer
dissolution, and then added to the monomer solution. Suitable
radical initiators include, for example, 2,2'-azobisisobuty-
ronitrile (AIBN), dimethyl 2,2'-azobis(2-methylpropionate)
(Vazo™ 601, DuPont), 2,2'-azobis(2,4-dimethyl)valeroni-
trile (Vazo™ 52, DuPont) and 2,2-azobis(2-methylbutane-
nitrile) (Vazo™ 67, DuPont). A reaction vessel is charged
with a solvent which is the same or different from that used for
the monomer solution and is heated to a temperature of from
40 to 140° C., typically from 70 to 80° C. The initiator
solution can then be added to the reaction vessel, and the
monomer solution added in a drop-wise manner to the vessel.
The reaction mixture can be cooled and slowly added to a
rapidly stirred non-solvent for precipitation. Suitable non-
solvents include, for example, water, alcohols, alkanes,
ethers, and combinations thereof. The polymer is collected,
optionally rinsed with a small amount of non-solvent and
dried. For further purification, the polymer can be re-dis-
solved in a suitable solvent, precipitated and dried.
Photoresist Compositions

Preferred photoresist compositions of the invention when
used to form very fine patterns in a negative tone development
process can provide improvements in one or more of resolu-
tion, top loss, pattern collapse, focus latitude, exposure lati-
tude, photospeed and defectivity as compared with conven-
tional positive-tone photolithographic techniques. Preferred
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photoresists can further provide geometrically uniform resist
patterns for lines and contact holes. The compositions
described herein can be used in dry lithography or immersion
lithography processes.
A. Matrix Polymer

The photoresist compositions include a matrix polymer
that includes a first unit formed from a monomer of the
general formula (I) as described above. The polymer can be a
homopolymer formed from a monomer of formula (I), or
preferably a copolymer containing one or more units in addi-
tion to that formed from the monomer of formula (I), such as
the polymers described above. The matrix polymer as part of
a layer of the photoresist composition undergoes a change in
solubility in an organic developer as a result of reaction with
acid generated from the photoacid generator following soft-
bake, exposure to activating radiation and post exposure bake.

The matrix polymer is present in the resist composition in
an amount sufficient to obtain a uniform coating of desired
thickness. Typically, the matrix polymer is present in the
composition in an amount of from 70 to 95 wt % based on
total solids of the resist composition.
B. Photoacid Generator

The photosensitive composition further comprises a pho-
toacid generator (PAG) employed in an amount sufficient to
generate a latent image in a coating layer of the composition
upon exposure to activating radiation. For example, the pho-
toacid generator will suitably be present in an amount of from
about 1 to 20 wt % based on total solids of the photoresist
composition. Typically, lesser amounts of the PAG will be
suitable for chemically amplified resists as compared with
non-chemically amplified materials.

Suitable PAGs are known in the art of chemically amplified
photoresists and include, for example: onium salts, for

example, triphenylsulfonium trifltuoromethanesulfonate,
(p-tert-butoxyphenyl)diphenylsulfonium triffuoromethane-
sulfonate,  tris(p-tert-butoxyphenyl)sulfonium  trifluo-

romethanesulfonate, triphenylsulfonium p-toluenesulfonate;
nitrobenzyl derivatives, for example, 2-nitrobenzyl-p-tolu-
enesulfonate, 2,6-dinitrobenzyl-p-toluenesulfonate, and 2,4-
dinitrobenzyl-p-toluenesulfonate; sulfonic acid esters, for
example, 1,2,3-tris(methanesulfonyloxy)benzene, 1,2,3-tris
(trifluoromethanesulfonyloxy)benzene, and 1,2,3-tris(p-
toluenesulfonyloxy)benzene; diazomethane derivatives, for
example, bis(benzenesulfonyl)diazomethane, bis(p-toluene-
sulfonyl)diazomethane; glyoxime derivatives, for example,
bis-O-(p-toluenesulfonyl)-a-dimethylglyoxime, and bis-O-
(n-butanesulfonyl)-a-dimethylglyoxime; sulfonic acid ester
derivatives of an N-hydroxyimide compound, for example,
N-hydroxysuccinimide methanesulfonic acid ester, N-hy-
droxysuccinimide trifluoromethanesulfonic acid ester; and
halogen-containing triazine compounds, for example, 2-(4-
methoxyphenyl)-4,6-bis(trichloromethyl)-1,3,5-triazine,
and 2-(4-methoxynaphthyl)-4,6-bis(trichloromethyl)-1,3,5-
triazine. One or more of such PAGs can be used.
C. Solvent

Suitable solvents for the photoresist compositions of the
invention include, for example: glycol ethers such as 2-meth-
oxyethyl ether (diglyme), ethylene glycol monomethyl ether,
and propylene glycol monomethyl ether; propylene glycol
monomethyl ether acetate; lactates such as methyl lactate and
ethyl lactate; propionates such as methyl propionate, ethyl
propionate, ethyl ethoxy propionate and methyl-2-hydroxy
isobutyrate; Cellosolve esters such as methyl Cellosolve
acetate; aromatic hydrocarbons such as toluene and xylene;
and ketones such as acetone, methylethyl ketone, cyclohex-
anone and 2-heptanone. A blend of solvents such as ablend of
two, three or more of the solvents described above also are
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suitable. The solvent is typically present in the composition in
an amount of from 90 to 99 wt %, more typically from 95 to
98 wt %, based on the total weight of the photoresist compo-
sition.

D. Other Components

The photoresist compositions can also include other
optional materials. For example, the compositions can
include one or more of actinic and contrast dyes, anti-striation
agents, plasticizers, speed enhancers, sensitizers, and the like.
Such optional additives if used are typically present in the
composition in minor amounts such as from 0.1 to 10 wt %
based on total solids of the photoresist composition.

A preferred optional additive of resist compositions of the
invention is an added base, for example, a caprolactam, which
can enhance resolution of a developed resist relief image.
Other suitable basic additives include: alkyl amines such as
tripropylamine and dodecylamine, aryl amines such as diphe-
nylamine, triphenylamine, aminophenol, 2-(4-aminophe-
nyl)-2-(4-hydroxyphenyepropane, and the like. The added
base is suitably used in relatively small amounts, for example,
from 0.01 to 5 wt %, preferably from 0.1 to 2 wt %, based on
total solids of the photoresist composition.

Surface active polymers can optionally be used as an addi-
tive in the photoresist formulation in order to simplify the
immersion lithographic process by avoiding the need for a
top-coat layer over the resist layer. Top-coat layers are typi-
cally used to prevent resist components such as photoacid
generators from contaminating the imaging lens surface. Sur-
face active polymer additives added to the photoresist formu-
lations migrate to the surface during the coating process due
to their relatively low surface free energy. The surface active
polymer additives should have a lower surface free energy
than the matrix polymer to allow the surface active polymer to
migrate to the surface. A typical surface free energy of the
surface active polymer additives is from 10 to 40 mJ/m?.
Suitable surface active polymers are known in the art and
include, for example, those disclosed by Tsibouklis and Nev-
ell (Advanced Materials, 2003, 15, pp. 647-650). Exemplary
suitable polymer additives include, for example, poly(n-butyl
acrylate), poly(n-butyl methacrylate), poly(1-butyl acrylate),
poly(1-butyl methacrylate), poly(diethyl siloxane), poly(vi-
nyl butyrate), polytetrahydrofuran, poly(propylene glycol),
poly(tetramethylene oxide) and fluorinated polymers. The
one or more additive polymer typically may be present in the
photoresist composition in relatively small amounts and still
provide effective results. The content of the additive polymer
may depend, for example, on whether the lithography is a dry
or immersion-type process. For example, the additive poly-
mer lower limit for immersion lithography is generally dic-
tated by the need to prevent leaching of the resist components.
A higher additive polymer content will typically result in
pattern degradation. The one or more polymer additive is
typically present in the compositions of the invention in an
amount of from 0.1 to 10 wt %, more typically from 1 to 5 wt
%, based on total solids of the photoresist composition. The
weight average molecular weight of the additive polymer is
typically less than 400,000, for example from 5000 to 50,000.
Preparation of Photoresist Compositions

The photoresists used in accordance with the invention are
generally prepared following known procedures. For
example, a photoresist composition of the invention can be
prepared by dissolving the components of the photoresist in
the solvent component. The desired total solids content of the
photoresist will depend on factors such as the particular poly-
mers in the composition, final layer thickness and exposure
wavelength. Typically the solids content of the photoresist
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varies from 1 to 10 wt %, more typically from 2 to 5 wt %,
based on the total weight of the photoresist composition.

Photoresist compositions of the invention find particular
applicability in negative-tone development processes such as
described below, but can be used in positive-tone develop-
ment wherein exposed portions of the photoresist layer are
removed in developer solutions.

Negative Tone Development Methods

The invention further provides methods for forming a pho-
toresist relief image and producing an electronic device using
photoresists of the invention. The invention also provides
novel articles of manufacture comprising substrates coated
with a photoresist composition of the invention. Processes in
accordance with the invention will now be described with
reference to FIG. 1A-E, which illustrates an exemplary pro-
cess flow for forming a photolithographic pattern by negative
tone development.

FIG. 1A depicts in cross-section a substrate 100 which may
include various layers and features. The substrate can be of a
material such as a semiconductor, such as silicon or a com-
pound semiconductor (e.g., lII-V or II-VI), glass, quartz,
ceramic, copper and the like. Typically, the substrate is a
semiconductor wafer, such as single crystal silicon or com-
pound semiconductor wafer, and may have one or more layers
and patterned features formed on a surface thereof. One or
more layers to be patterned 102 may be provided over the
substrate 100. Optionally, the underlying base substrate mate-
rial itself may be patterned, for example, when it is desired to
form trenches in the substrate material. In the case of pattern-
ing the base substrate material itself, the pattern shall be
considered to be formed in a layer of the substrate.

The layers may include, for example, one or more conduc-
tive layers such as layers of aluminum, copper, molybdenum,
tantalum, titanium, tungsten, alloys, nitrides or silicides of
such metals, doped amorphous silicon or doped polysilicon,
one or more dielectric layers such as layers of silicon oxide,
silicon nitride, silicon oxynitride, or metal oxides, semicon-
ductor layers, such as single-crystal silicon, and combina-
tions thereof. The layers to be etched can be formed by vari-
ous techniques, for example, chemical vapor deposition
(CVD) such as plasma-enhanced CVD, low-pressure CVD or
epitaxial growth, physical vapor deposition (PVD) such as
sputtering or evaporation, or electroplating. The particular
thickness of the one or more layers to be patterned 102 will
vary depending on the materials and particular devices being
formed.

Depending on the particular layers to be etched, film thick-
nesses and photolithographic materials and process to be
used, it may be desired to dispose over the layers 102a hard
mask layer 104 and/or a bottom antireflective coating
(BARC) 106 over which a photoresist layer 108 is to be
coated. Use of a hard mask layer 104 may be desired, for
example, with very thin resist layers, where the layers to be
etched require a significant etching depth, and/or where the
particular etchant has poor resist selectivity. Where a hard
mask layer is used, the resist patterns to be formed can be
transferred to the hard mask layer which, in turn, can be used
as a mask for etching the underlying layers 102. Suitable hard
mask materials and formation methods are known in the art.
Typical materials include, for example, tungsten, titanium,
titanium nitride, titanium oxide, zirconium oxide, aluminum
oxide, aluminum oxynitride, hafhium oxide, amorphous car-
bon, silicon oxynitride and silicon nitride. The hard mask
layer 104 can include a single layer or a plurality of layers of
different materials. The hard mask layer can be formed, for
example, by chemical or physical vapor deposition tech-
niques.
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A bottom antireflective coating 106 may be desirable
where the substrate and/or underlying layers would otherwise
reflect a significant amount of incident radiation during pho-
toresist exposure such that the quality of the formed pattern
would be adversely affected. Such coatings can improve
depth-of-focus, exposure latitude, linewidth uniformity and
CD control. Antireflective coatings are typically used where
the resist is exposed to deep ultraviolet light (300 nm or less),
for example, KrF excimer laser light (248 nm) or ArF excimer
laser light (193 nm). The antireflective coating 106 can com-
prise a single layer or a plurality of different layers. Suitable
antireflective materials and methods of formation are known
in the art. Antireflective materials are commercially available,
for example, those sold under the AR™ trademark by Rohm
and Haas Electronic Materials LLC (Marlborough, Mass.
USA), such as AR™ 40A and AR™ 124 antireflectant mate-
rials.

A photoresist composition as described herein is applied
on the substrate over the antireflective layer 106 (if present) to
form a photoresist layer 108. The photoresist composition can
be applied to the substrate by spin-coating, dipping, roller-
coating or other conventional coating technique. Of these,
spin-coating is typical. For spin-coating, the solids content of
the coating solution can be adjusted to provide a desired film
thickness based upon the specific coating equipment utilized,
the viscosity of the solution, the speed of the coating tool and
the amount of time allowed for spinning. A typical thickness
for the photoresist layer 108 is from about 500 to 3000 A.

The photoresist layer can next be softbaked to minimize the
solvent content in the layer, thereby forming a tack-free coat-
ing and improving adhesion of the layer to the substrate. The
softbake can be conducted on a hotplate or in an oven, with a
hotplate being typical. The softbake temperature and time
will depend, for example, on the particular material of the
photoresist and thickness. Typical softbakes are conducted at
atemperature of from about 90 to 150° C., and a time of from
about 30 to 90 seconds.

The photoresist layer 108 is next exposed to activating
radiation 110 through a first photomask 112 to create a dif-
ference in solubility between exposed and unexposed
regions. References herein to exposing a photoresist compo-
sition to radiation that is activating for the composition indi-
cates that the radiation is capable of forming a latent image in
the photoresist composition. The photomask has optically
transparent and optically opaque regions 113, 114 corre-
sponding to regions of the resist layer to remain and be
removed, respectively, in a subsequent development step for
a positive-acting material as illustrated. The exposure wave-
length is typically sub-400 nm, sub-300 nm or sub-200 nm,
with 248 nm and 193 nm being typical. The methods find use
in immersion or dry (non-immersion) lithography tech-
niques.

The exposure energy is typically from about 10 to 80
ml/cm?, dependent upon the exposure tool and the compo-
nents of the photosensitive composition.

As shown in FIG. 1B, the exposed resist layer is made up of
unexposed and exposed regions 1084, 1085. Following expo-
sure of the photoresist layer 108, a post-exposure bake (PEB)
is performed. The PEB can be conducted, for example, on a
hotplate or in an oven. Conditions for the PEB will depend,
for example, on the particular photoresist composition and
layer thickness. The PEB is typically conducted at a tempera-
ture of from about 80 to 150° C., and a time of from about 30
to 90 seconds.

The exposed photoresist layer is next developed to remove
unexposed regions 108a, leaving exposed regions 1085 form-
ing a resist pattern as shown in FIG. 1C. The developer is
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typically an organic developer, for example, a solvent chosen
from ketones, esters, ethers, hydrocarbons, and mixtures
thereof. Suitable ketone solvents include, for example,
acetone, 2-hexanone, 5-methyl-2-hexanone, 2-heptanone,
4-heptanone, l-octanone, 2-octanone, 1-nonanone,
2-nonanone, diisobutyl ketone, cyclohexanone, methylcyclo-
hexanone, phenylacetone, methyl ethyl ketone and methyl
isobutyl ketone. Suitable ester solvents include, for example,
methyl acetate, butyl acetate, ethyl acetate, isopropyl acetate,
amyl acetate, propylene glycol monomethyl ether acetate,
ethylene glycol monoethyl ether acetate, diethylene glycol
monobutyl ether acetate, diethylene glycol monoethyl ether
acetate, ethyl-3-ethoxypropionate, 3-methoxybutyl acetate,
3-methyl-3-methoxybutyl acetate, methyl formate, ethyl for-
mate, butyl formate, propyl formate, ethyl lactate, butyl lac-
tate and propyl lactate. Suitable ether solvents include, for
example, dioxane, tetrahydrofuran and glycol ether solvents,
for example, ethylene glycol monomethyl ether, propylene
glycol monomethyl ether, ethylene glycol monoethyl ether,
propylene glycol monoethyl ether, diethylene glycol monom-
ethyl ether, triethylene glycol monoethyl ether and meth-
oxymethyl butanol. Suitable amide solvents include, for
example, N-methyl-2-pyrrolidone, N,N-dimethylacetamide
and N,N-dimethylformamide. Suitable hydrocarbon solvents
include, for example, aromatic hydrocarbon solvents such as
toluene and xylene. In addition, mixtures of these solvents, or
one or more of the listed solvents mixed with a solvent other
than those described above or mixed with water can be used.
Of these, 2-heptanone and 5-methyl-2-hexanone are particu-
larly preferred. Other suitable solvents include those used in
the photoresist composition.

The solvent can be present in the developer as a substan-
tially pure material, for example, in an amount greater than 95
wt %, greater than 98 wt % or greater than 99 wt %, based on
the total weight of the developer. In the case a mixture of
solvents are used in the developer, the boiling points of the
solvents are preferably similar. The solvents of the developer
are typically present in an amount of from 50 wt % to 100 wt
%, more typically from 80 wt % to 100 wt %, based on the
total weight of the developer.

The developer material may include optional additives, for
example, surfactants such as described above with respect to
the photoresist. Such optional additives typically will be
present in minor concentrations, for example, in amounts of
from about 0.01 to 5 wt % based on the total weight of the
developer.

The developer can be applied to the substrate by known
techniques, for example, by spin-coating or puddle-coating.
The development time is for a period effective to remove the
unexposed regions of the photoresist, with a time of from 5 to
30 seconds being typical. Development is typically con-
ducted at room temperature. The development process can be
conducted without use of a cleaning rinse following develop-
ment. In this regard, it has been found that the development
process can result in a residue-free wafer surface rendering
such extra rinse step unnecessary.

The BARC layer 106, if present, is selectively etched using
resist pattern 1084 as an etch mask, exposing the underlying
hardmask layer 104. The hardmask layer is next selectively
etched, again using the resist pattern 1085 as an etch mask,
resulting in patterned BARC and hardmask layers 106', 104",
as shown in FIG. 1D. Suitable etching techniques and chem-
istries for etching the BARC layer and hardmask layer are
known in the art and will depend, for example, on the par-
ticular materials of these layers. Dry-etching processes such
as reactive ion etching are typical. The resist pattern 1085 and
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patterned BARC layer 106' are next removed from the sub-
strate using known techniques, for example, oxygen plasma
ashing.

Using the hardmask pattern 104' as an etch mask, the one or
more layers 102 are selectively etched. Suitable etching tech-
niques and chemistries for etching the underlying layers 102
are known in the art, with dry-etching processes such as
reactive ion etching being typical. The patterned hardmask
layer 104' can next be removed from the substrate surface
using known techniques, for example, a dry-etching process
such as reactive ion etching. The resulting structure is a pat-
tern of etched features 102' as illustrated in FIG. 1E. In an
alternative exemplary method, it may be desirable to pattern
the layer 102 directly using the resist pattern 1085 without the
use of a hardmask layer 104. Whether direct patterning is
employed will depend on factors such as the materials
involved, resist selectivity, resist pattern thickness and pattern
dimensions.

The negative tone development methods of the invention
are not limited to the exemplary methods described above.
For example, the photoresist compositions of the invention
can be used in a negative tone development double exposure
method for making contact holes. An exemplary such process
is a variation of the technique described with reference to
FIG. 1, but using an additional exposure of the photoresist
layer in a different pattern than the first exposure. In this
process, the photoresist layer is exposed to actinic radiation
through a photomask in a first exposure step. The photomask
includes a series of parallel lines forming the opaque regions
of the mask. Following the first exposure, a second exposure
of the photoresist layer is conducted through a second pho-
tomask that includes a series of lines in a direction perpen-
dicular to those of the first photomask. The resulting photo-
resist layer includes unexposed regions, once-exposed
regions and twice-exposed regions.

Following the second exposure, the photoresist layer is
post-exposure baked and developed using a developer as
described above. Unexposed regions corresponding to points
of intersection of the lines of the two masks are removed,
leaving behind the once- and twice-exposed regions of the
resist. The resulting structure can next be patterned as
described above with reference to FIG. 1. This method is
particularly suited to formation of contact holes in the manu-
facture of electronic devices.

EXAMPLES
Matrix Polymer Synthesis

The following monomers were employed in the syntheses
of copolymers in the examples below:

T L
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-continued
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OTDA

Synthesis of 2,2-dimethyl-1,3-dioxan-5-yl
methacrylate (IPDOMA)

2-amino-2-(hydroxymethyl)propane-1,3-diol hydrochlo-
ride (320 g, 2.03 mol), 2,2-dimethoxypropane (240 g, 2.30
mol), and p-toluenesulfonic acid monohydrate (16.2 g, 102
mmol) were combined into anhydrous dimethylformamide
(1.0 L). The solution was stirred vigorously by a mechanical
stirrer for 48 hours at room temperature. Triethyl amine (300
ml) and ethyl acetate (1.5 L) were added. A white precipitate
formed immediately. The white salt was filtered off and the
low boiling point solvents were removed by a rotary evapo-
rator. The product, (5-amino-2,2-dimethyl-1,3-dioxan-5-yl)
methanol, was obtained by distillation (250 g, 76%), by 107°
C./0.3 torr. "H NMR (300 MHz, CDCl,) 81.48 (s, 3H), 1.53
(s,3H),3.14 (br, 2H), 3.51 (s, 1H), 3.53 (d, 2H), 3.78 (d, 2H).

To a water (1.5 L) solution of (5-amino-2,2-dimethyl-1,3-
dioxan-5-yl)methanol (251 g, 1.57 mol) and KH,PO, (213 g,
1.57 mol) at 0° C., a water solution (1.8 L) of NalO, (336 g,
1.57 mol) was added dropwise. The reaction mixture was
stirred at 0° C. for 2 hours and room temperature overnight.
The product was extracted by CH,Cl, (5x300mL.), dried over
MgSO,, and distilled, yielding 2,2-Dimethyl-1,3-dioxan-5-
one (153 g, 75%) as a colorless liquid, by 102° C./40 torr. 'H
NMR (300 MHz, CDCl,) 81.26 (s, 6H), 3.96 (s, 4H).

An anhydrous diethyl ether solution (250 mL) of 2,2-Dim-
ethyl-1,3-dioxan-5-one (35.5 g, 0.27 mol) was bubbled by
nitrogen at 0° C. for 30 minutes. THF solution of LiAIH, (1M,
300 mL, 0.3 mol) was added dropwisely over 30 minutes.
This solution was stirred overnight. Distilled water (75 mL)
was added very carefully at 0° C. to this solution. Crude
product was extracted by CH,Cl, (3x150 mL) and dried over
MgSO,. The solvent was removed. Product, 2,2-dimethyl-1,
3-dioxan-5-ol was purified by distillation, yielding the prod-
uct as a colorless liquid (17.0 g, 48%). '"H NMR (300 MHz,
CDCl,) 6 1.48 (s, 3H), 1.51 (s, 3H), 2.80 (br, 1H), 3.55 (m,
1H), 3.71 (d, 1H), 3.73 (m, 1H), 4.07 (d, 1H).

To a CH,Cl, (200 mL) solution of 2,2-dimethyl-1,3-di-
oxan-5-0l (17.0 g, 0.13 mol) at 0° C., triethylamine (20 m[.)
was added slowly. The reaction flask was flushed with nitro-
gen for 5 minutes. Methacryloyl chloride (13.5 g, 0.13 mol)
was added dropwise. The reaction mixture was stirred at room
temperature for 3 hours, then filtered, washed with a water
solution of NaHCO; (1M, 2x200 mL) and distilled water
(2x200 mL). The filtrate was dried over MgSO,. 1,4-hydro-
quinone (10 mg) was added as an inhibitor and solvent was
removed. The oil was dissolved in ethyl acetate (50 mL.) and
passed through a silica gel plug. Solvent was removed and the
product was purified by distillation, yielding a colorless oil
product (18.5 g, 71%). 'H NMR (300 MHz, CDCl,) 8 1.38 (s,
3H), 1.41 (s, 3H), 1.92 (s,3H),3.77 (d, 1H), 3.82 (d, 1H), 4.05
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(d, 1H), 4.10 (d, 1H), 4.71 (m, 1H), 5.56 (s, 1H), 6.12 (s, 1H).
13C NMR (75.5 MHz, CDCL,) § 19.2, 20.6, 23.0, 61.6, 63.2,
99.3,123.2, 124.5, 138.1.

Synthesis of 2-(2,2-dimethyl-1,3-dioxan-5-y1)butyl
methacrylate (IPTPMA)

Ina 500 mL glass jar equipped with a magnetic stirring bar,
100 g of tris-(1,1,1-hydroxymethyl)-propane and 0.050 g of
p-toluenesulfonic acid were dissolved in 100 mL of acetone
stirred overnight. The acetone was removed by distillation
and the residue was redissolved in 50 mL of ether, washed
with 10% NaHCO; and then twice with a brine solution. The
crude product was obtained by removal of the ether by distil-
lation. The crude material was then distilled under vacuum
(3-4 mm of Hg) at 68° C. to yield 81.82 g (62.6%) of (5-ethyl-
2,2-dimethyl-1,3-dioxan-5-yl)methanol as a clear oil: '‘H
NMR (400 MHz, CDCl,) §3.75 (d, J=5.5 Hz, 2H), 3.71-3.57
(m, 4H), 1.65 (t, J=5.5 Hz, 2H), 1.42 (s, 2H), 1.39 (s, 2H),
1.36-1.25 (m, 2H), 0.85 (1, J=7.6 Hz, 3H). '*C NMR (101
MHz, CDCl,) & 98.12, 65.20, 63.22, 36.96, 27.13, 23.88,
20.34, 7.01.

In a glovebox, 20 g of (5-ethyl-2,2-dimethyl-1,3-dioxan-
5-yDmethanol along with 32 mL of triethyl amine was dis-
solved in 100 mL of dry CH,Cl,. A solution of 13.5 mL
methacryloyl chloride in 20 mI. CH,Cl, was then slowly
added to the initial solution and stirred overnight. The solu-
tion was removed from the glovebox, 10 mL of methanol was
added, and the solution was stirred for 10 min. The solution
was washed twice with brine, dried over MgSO,, and the
crude material was recovered by removal of the solvent under
vacuum. The crude product was then passed through a silica
plug using ether and dried to yield 20.2 g of the final product
(72.6%): *"H NMR (400 MHz, CDCL,) & 6.13-6.00 (m, 1H),
5.64-5.43 (m, 1H), 4.38-4.18 (m, 2H), 3.79-3.45 (m, 4H),
1.94(dd,J=1.5,1.0Hz,3H), 1.53-1.22 (m, 7H), 1.00-0.69 (m,
3H). >C NMR (101 MHz, CDCl,) 8 167.04, 135.96, 125.88,
110.25, 73.19, 66.05, 64.75, 36.32, 34.91, 25.08, 23.92,
23.77, 18.24.

Synthesis of
2-(1,5-dioxaspiro[5.5undecan-3-yl)butyl
methacrylate (CHTPMA)

CHTPMA was prepared using a similar reaction scheme as
described for IPTPMA except that cyclohexanone was used
instead of acetone to protect the tris-(1,1,1-hydroxymethyl)-
propane.

Synthesis of poly(IPDOMA/OTDA)

Monomers of IPDOMA (18.01 g) and OTDA (19.99 g)
were dissolved in 57.0 g of PGMEA. The monomer solution
was then degassed by bubbling with nitrogen for 20 min. A
500 mL three-neck flask equipped with a condenser and a
mechanical stirrer was charged with PGMEA (28.9 g) and the
solvent was degassed by bubbling with nitrogen for 20 min
and subsequently brought to a temperature of 80° C. V601
(2.071 g) was dissolved in 7.6 g of PGMEA and the initiator
solution was degassed by bubbling with nitrogen for 20 min.
The initiator solution was added into the reaction flask and
then monomer solution was fed into the reactor dropwise over
the 3 hour period under rigorous stirring and nitrogen envi-
ronment. After monomer feeding was complete, the polymer-
ization mixture was left standing for an additional hour at 80°
C. After a total of 4 hours of polymerization time (3 hours
feeding and 1 hour post-feeding stirring), the polymerization
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mixture was allowed to cool down to room temperature.
Precipitation was carried out in MTBE (1500 g). The powder
precipitated was filtered, air-dried overnight, re-dissolved in
75 g of THF, and re-precipitated into MTBE (1500 g). The
final polymer was collected by filtration, air-dried overnight
and further dried under vacuum at 60° C. for 48 hours to give
26.98 g (Mw=21,414 and Mw/Mn=2.77) of the following
“Polymer A™:

50 50

Synthesis of poly(IPTPMA/OTDA)

Monomers of IPTPMA (20.86 g) and OTDA (19.136 g)
were dissolved in 60 g of PGMEA. The monomer solution
was then degassed by bubbling with nitrogen for 20 min. A
500 ml. three-neck flask equipped with a condenser and a
mechanical stirrer was charged with PGMEA (29.96 g) and
the solvent was degassed by bubbling with nitrogen for 20
min and subsequently brought to a temperature of 80° C.
V601 (1.983 g) was dissolved in 8 g of PGMEA and the
initiator solution was degassed by bubbling with nitrogen for
20 min. The initiator solution was added into the reaction
flask and then monomer solution was fed into the reactor
dropwise over the 3 hour period under rigorous stirring and
nitrogen environment. After monomer feeding was complete,
the polymerization mixture was left standing for an additional
hour at 80° C. After a total of 4 hours polymerization time (3
hours feeding and 1 hour post-feeding stirring), the polymer-
ization mixture was allowed to cool down to room tempera-
ture. Precipitation was carried out in MTBE (1650 g). The
powder precipitated was filtered, air-dried overnight, re-dis-
solved in 120 g of THF, and re-precipitated into MTBE (1650
g). The final polymer was collected by filtration, air-dried
overnight and further dried under vacuum at 60° C. for 48
hours to give 32.2 g (Mw=13,198 and Mw/Mn=1.84) of the
following “Polymer B™:

50 50
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Synthesis of poly(CHTPMA/OTDA)

Monomers of CHTPMA (22.38 g) and OTDA (17.62 g)
were dissolved in 60 g of PGMEA. The monomer solution
was then degassed by bubbling with nitrogen for 20 min. A
500 mL three-neck flask equipped with a condenser and a
mechanical stirrer was charged with PGMEA (29.592 g) and
the solvent was degassed by bubbling with nitrogen for 20
min and subsequently brought to a temperature of 80° C.
V601 (1.825 g) was dissolved in 8 g of PGMEA and the
initiator solution was degassed by bubbling with nitrogen for
20 min. The initiator solution was added into the reaction
flask and then monomer solution was fed into the reactor
dropwise over the 3 hour period under rigorous stirring and
nitrogen environment. After monomer feeding was complete,
the polymerization mixture was left standing for an additional
hour at 80° C. After a total of 4 hours polymerization time (3
hours feeding and 1 hour post-feeding stirring), the polymer-
ization mixture was allowed to cool down to room tempera-
ture. Precipitation was carried out in MTBE (1650 g). The
powder precipitated was filtered, air-dried overnight, re-dis-
solved in 120 g of THF, and re-precipitated into MTBE (1650
g). The final polymer was collected by filtration, air-dried
overnight and further dried under vacuum at 60° C. for 48
hours to give 30.68 g (Mw=13,504 and Mw/Mn=1.74) of the
following “Polymer C™:

50 50

In Table 1 are listed monomer compositions, GPC data (mo-
lecular weights and distributions), and polymerization yields
for the polymer examples.

TABLE 1
Polymer
Example Composition Mw Mw/Mn  Yield
A IPDOMA/OTDA 21,414 2.77 71%

(50/50)
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TABLE 1-continued
Polymer
Example Composition Mw Mw/Mn  Yield
B IPTPMA/OTDA 13,198 1.84 81%
(50/50)
C CHTPMA/OTDA 13,504 1.74 T7%
(50/50)

*Molar composition as a feed ratio in the polymerization

Additive Polymer Synthesis: Poly(n-BMA)

13.01 g of n-butyl methacrylate (n-BMA) was dissolved in
7 g of THF. The mixture was degassed by bubbling with
nitrogen for 20 min. A 500 mL flask equipped with a con-
denser, nitrogen inlet and mechanical stirrer was charged with
8 g of THF and the solution brought to a temperature of 67° C.
2.11 g of V601 (10.0 mol % with respect to monomers) was
dissolved in 2 g of THF and charged into the flask. The
monomer solution was fed into the reactor at a rate of 6.29
ml/h. The monomer feeding was carried out for 3 hours 30
min. After monomer feeding was complete, the polymeriza-
tion mixture was stirred for an additional 30 min at 67° C.
After a total of 4 hours polymerization time (3 hours 30 min
feeding and 30 min stirring), 7 g of THF was added to the
reactor and the polymerization mixture was cooled down to
room temperature. Precipitation was carried out in 0.4 L of
cold methanol. After filtration, the polymer was dried in a
vacuum oven at 60° C. for 48 hours to give 8.4 g (Mw=12,284
and Mw/Mn=1.79) of the following “Additive A”:

Photoresist Composition Formulation

Example 1

2.624 g of Polymer A and 0.064 g of Additive A were
dissolved in 29.040 g of PGMEA, 19360 g of cyclohex-
anone, and 48.400 g of methyl-2-hydroxyisobutyreate. To
this mixture were added 0.480 g of PAG A and 0.032 g of
1-(tert-butoxycarbonyl)-4-hydroxypiperidine. The resulting
mixture was rolled on a roller for six hours and then filtered
through a Teflon filter having a 0.2 micron pore size.

PAG A
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Example 2

2.624 g of Polymer B and 0.064 g of Additive A were
dissolved in 29.040 g of PGMEA, 19360 g of cyclohex-
anone, and 48.400 g of methyl-2-hydroxyisobutyreate. To
this mixture were added 0.480 g of PAG A and 0.032 g of
1-(tert-butoxycarbonyl)-4-hydroxypiperidine. The resulting
mixture was rolled on a roller for six hours and then filtered
through a Teflon filter having a 0.2 micron pore size.

Example 3

2.624 g of Polymer C and 0.064 g of Additive A were
dissolved in 29.040 g of PGMEA, 19360 g of cyclohex-
anone, and 48.400 g of methyl-2-hydroxyisobutyreate. To
this mixture were added 0.480 g of PAG A and 0.032 g of
1-(tert-butoxycarbonyl)-4-hydroxypiperidine. The resulting
mixture was rolled on a roller for six hours and then filtered
through a Teflon filter having a 0.2 micron pore size.

Example 4

2.784 g of Polymer B and 0.064 g of Additive A were
dissolved in 29.040 g of PGMEA, 19360 g of cyclohex-
anone, and 48.400 g of methyl-2-hydroxyisobutyreate. To
this mixture were added 0.320 g of PAG A and 0.032 g of
1-(tert-butoxycarbonyl)-4-hydroxypiperidine. The resulting
mixture was rolled on a roller for six hours and then filtered
through a Teflon filter having a 0.2 micron pore size.

Example 5

2.784 g of Polymer C and 0.064 g of Additive A were
dissolved in 29.040 g of PGMEA, 19360 g of cyclohex-
anone, and 48.400 g of methyl-2-hydroxyisobutyreate. To
this mixture were added 0.320 g of PAG A described above
and 0.032 g of 1-(tert-butoxycarbonyl)-4-hydroxypiperidine.
The resulting mixture was rolled on a roller for six hours and
then filtered through a Teflon filter having a 0.2 micron pore
size.

Dry Lithographic Process and Contrast Evaluation

Examples 6-10

Dry lithographic processing was carried out for each of the
photoresist compositions of Examples 1-5 on 200 mm silicon
wafers using a TEL CleanTrack ACT 8 linked to an ASML/
1100 scanner with a maximum numerical aperture (NA) of
0.75. Silicon wafers were spin-coated with AR™ 77 bottom-
antireflective coating (BARC) material (Rohm and Haas
Electronic Materials) and baked for 60 seconds at 205° C. to
yield a film thickness of 840 A. Photoresist compositions of
Examples 1-5 were coated on the BARC-coated wafers and
soft-baked at 90° C. for 60 seconds on a TEL CleanTrack
ACT 8 coater/developer to provide a resist layer thickness of
900 A.

The photoresist-coated wafers were then exposed through
a blank mask using 0.75 NA and a Quadrapole 30 illumina-
tion condition with 0.89 outer sigma and 0.64 inner sigma.
The exposure was carried out with a starting dose of 1.0
ml/cm® in increments of 0.4 mJ/cm? to expose 100 die in a
10x10 array on the wafer in a dose range from 1.0 to 40.6
ml/cm®. The exposed wafers were post-exposure baked at
various temperatures ranging from 85 to 120° C. for 60 sec-
onds and then developed using 2-heptanone for 10 seconds on
a TEL CleanTrack ACT 8 coater/developer. The remaining
film thickness for different exposure doses was measured on
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a ThermaWave Optiprobe (KLA-Tencor) and NTD contrast
curves were obtained by plotting remaining film thickness as
a function of exposure energy. From the contrast curves, the
threshold energy (E,,) was determined as the minimum
energy to reach constant film thickness and used as a measure
of photo-sensitivity of each resist composition for NTD pro-
cess. The results are shown in Table 2.

Examples 6-8 and 9-10 were run with PAG loadings of 15
wt % and 10wt %, respectively, based on the total solids of the
resist composition. NTD contrast curves obtained from the
examples were compared to see the difference in contrast
properties between the leaving group monomers (IPDOMA,
IPTPMA and IPCHMA). At a 15 wt % PAG loading in
Examples 6-8, the IPTPMA based formulation (Example 2)
yielded a good NTD contrast for the particular process con-
ditions. The IPTPMA-containing formulation comprising
Polymer B started a solubility switch at ~5 mJ/cm? and exhib-
ited E,, values at 10.6 mJ/cm®. The IPDOMA-containing
formulation comprising Polymer A exhibited an instant
polarity switch even at the starting dose of 1.0 mJ/cm?® and
reached E,;, under 2.0 mJ/cm?. Based on the results, it appears
that IPDOMA monomer is an effective leaving group mono-
mer that requires a very low activation energy for the chemi-
cally amplified deprotection reaction. The CHTPMA-con-
taining formulation containing Polymer C was completely
developed away, indicating a slower photospeed. When the
post-exposure bake and PAG loading was adjusted as in
Examples 9 and 10, the IPDOMA- and CHTPMA-containing
formulations (Examples 4 and 5) exhibited good contrast
with a high E,, value of 9.2 and 9.8 mJ/cm?, respectively.

TABLE 2
Resist Matrix PAG

Ex. Composition Polymer Loading* PEB Temp. E,.

6 Ex. 1 B 15 wt % 85° C. <2.0 mJ/em?

7 Ex.2 C 15 wt % 85° C. 10.6 mI/em?

8 Ex. 3 D 15 wt % 100° C. N/A*

9 Ex. 4 C 10 wt % 90° C. 9.2 mJ/em?
10 Ex. 5 D 10 wt % 120° C. 9.8 mJ/cm?

*E, was not observed up to 40.6 mJ/em’

Immersion Lithographic Process
Examples 11-12

300 mm silicon wafers were spin-coated with AR™ 40A
antireflectant (Rohm and Haas Electronic Materials) to form
a first bottom antireflective coating (BARC) on a TEL
CLEAN TRAC LITHIUS i+ coater/developer. The wafer was
baked for 60 seconds at 215° C., yielding a first BARC film
thickness of 840 A. A second BARC layer was next coated
over the first BARC using AR™ 124 antireflectant (Rohm and
Haas Electronic Materials), and was baked at 205° C. for 60
seconds to generate a 200 A top BARC layer. Photoresist
formulations of Example 4 were then coated on the dual
BARC-coated wafers and soft-baked at 90° C. for 60 seconds
on a TEL, CLEAN TRACK LITHIUS i+ coater/developer to
provide a resist layer thickness of 900 A.

The photoresist-coated wafers were exposed through a
mask on an ASML TWINSCAN XT:1900i immersion scan-
ner using two different illumination conditions: (1) Annular
illumination with 1.35 NA, 0.9 outer sigma, 0.7 inner sigma
and XY polarization (Example 11), and (2) Crossed sectoral
quadruple (C-Quad) illumination with 1.35 NA, 0.9 outer
sigma, 0.7 inner sigma and XY polarization (Example 12).
The exposed wafers were post-exposure baked at 90° C. for
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60 seconds and then developed using 2-heptanone for 25
seconds on a TEL CLEAN TRACK™ LITHIUS™ i+ coater/
developer to give negative tone patterns. Critical dimensions
(CDs) were measured on a Hitachi CG4000 CD SEM using a
mask CD at 60 nm (the diameter of an opaque circle on the
mask) and a pitch CD at 90 nm (a mask CD plus the distance
between opaque circles) to compare the resolution capability
of each formulation for ~45 nm contact holes.

Immersion lithographic results are summarized in Table 3.
Under both conditions, the formulation exhibited good reso-
Iution for 45 nm holes at 90 nm pitch with good pattern
fidelity.

TABLE 3
Resist
Ex. Composition Illumination PEB Temp. E*
11 Ex. 4 Annular 90° C. 70.0 mJ/em?
12 Ex. 4 C-Quad 90° C. 82.8 mJ/cm?

*Exposure energy to print 45 nm holes at 90 nm pitch
**No resolution for 45 nm holes at 90 nm pitch

What is claimed is:
1. A method of forming a photolithographic pattern, com-
prising:

(a) providing a substrate comprising one or more layer to
be patterned over a surface of the substrate;

(b) applying a layer of a photoresist composition over the
one or more layer to be patterned;

(c) patternwise exposing the photoresist composition layer
to actinic radiation;

(d) heating the exposed photoresist composition layer in a
post-exposure bake process; and

(e) applying an organic developer to the photoresist com-
position layer to remove a portion of the photoresist
composition layer, thereby forming a photoresist pat-
tern, wherein unexposed regions of the photoresist layer
are removed by the developer to form the photoresist
pattern;

wherein the photoresist composition comprises:
a polymer comprising a first unit formed from a mono-

mer of the following general formula (I):

10

15

20

30

35

40

30
08)
R,
(l) @]
Ry Rg
Ry Ry
Ry Ry
OXO
Rs Rs

wherein: R, represents hydrogen or a C, to C; alkyl
group; R, represents a single bond or a C, to C,,
organic group; R; represents a hydrogen atom or a
C, to C,, organic group; R, each independently
represents a hydrogen atom or a C, to C,, organic
group, those bonded to a common carbon atom
together optionally forming a ring; and R together
form a C; or C4 monocyclic cycloalkyl group; and

a photoacid generator.

2. The method of claim 1, wherein the polymer further
comprises a second unit comprising a lactone moiety.

3. The method of claim 2, wherein the polymer further
comprises a third unit comprising an ether, an ester, a polar
group or an acid labile moiety, wherein the third unit is
different from the first unit and the second unit.

4. The method of claim 1, wherein the polymer further
comprises a second unit formed from a monomer which is an
acid-labile alkyl or alkyloxy (meth)acrylate.

5. The method of claim 1, wherein the organic developer
comprises a solvent chosen from ketones, esters, ethers,
hydrocarbons, and mixtures thereof.

6. The method of claim 5, wherein the solvent is 2-hep-
tanone or 5-methyl-2-hexanone.

7. The method of claim 1, wherein the solvent is present in
the organic developer in an amount greater than 95 wt %
based on the total weight of the developer.

#* #* #* #* #*



